Sublethal heating, which can occur during slow cooking of meat products, is known to induce increased thermal resistance in Salmonella. However, very few studies have addressed the kinetics of this response. Although several recent studies have reported improved thermal inactivation models that include the effect of prior sublethal history on subsequent thermal resistance, none of these models were based on cellular-level responses to sublethal thermal stress. The goal of this study was to determine whether a nonlinear model could accurately portray the response of Salmonella to heat stress induced by prolonged exposure to sublethal temperatures. To accomplish this, stationary-phase Salmonella Montevideo cultures were subjected to various heating profiles (held at either 40 or 458C for 0, 5, 10, 15, 30, 60, 90, 180, or 240 min) using a PCR thermal cycler. Differential plating on selective and nonselective media was used to confirm the presence of cellular injury. Reverse transcription quantitative PCR was used to screen the transcript levels of six heat stress-related genes to find candidate genes for nonlinear modeling. Injury was detected in populations of Salmonella held at 458C for 30, 60, and 90 min and at 408C for 0, 5, and 90 min (P , 0.05), whereas no significant injury was found at 180 and 240 min (P . 0.05). The transcript levels of ibpA, which codes for a small heat shock protein associated with the ClpB and DnaK-DnaJ-GrpE chaperone systems, showed the greatest increase relative to the transcript levels at 0 min, which was significant at 5, 10, 15, 30, 60, 90, and 180 min at 458C and at 5, 10, 15, 30, 60, and 90 min at 408C (P , 0.05). Using ibpA transcript levels as an indicator of adaptation to thermal stress, a nonlinear model for sublethal injury is proposed. The use of variables indicating the physiological state of the pathogen during stress has the potential to increase the accuracy of thermal inactivation models that must account for prolonged exposure to sublethal temperatures.
Slow cooking, a process during which a product is held at a low temperature for a relatively long time, provides a scenario in which traditional models that are used to predict bacterial lethality can significantly overpredict inactivation (40) . Scenarios that depict non-log-linear inactivation can be represented by a Weibull distribution:
where S is the survival ratio (N/N 0 , in which N is the number of viable microorganisms at time t and N 0 is the number of microorganisms in the initial population), b is a temperaturedependent regression coefficient, and n (also temperature dependent) establishes the direction of concavity for the survival curve (29) . Because only survival ratio and temperature are accounted for, the inactivation predicted by the Weibull model is dependent only on the state of the system at that particular moment (30) . Any time spent within a sublethal temperature range is not taken into account in the model, which is problematic when predicting lethality during slow cooking (30, 40) .
The path-dependent model outlined in Stasiewicz et al. accounts for the Weibull model's shortcomings in slowcooking scenarios by taking into account sublethal thermal history (s), an integral expressed as in which HS lower is the lowest temperature at which heat shock occurs, HS upper is the upper bound of the heat shock region, and T(t) is the current temperature (all in Kelvins) (40) . Although this model predicts thermal inactivation of Salmonella in ground turkey much more accurately than its state-dependent predecessors, it is not without limitations; the bacterial resistance described by this equation increases linearly with sublethal holding time and temperature, without bounds, which does not reflect the physiological response of Salmonella to heat stress. A more biologically accurate function for s should, therefore, account for the adaptive stress response of Salmonella. Increased thermal resistance due to prior exposure to sublethal heat stress has been a well-documented phenomenon in foodborne pathogens (7, 23, 48) . In addition to heating temperature and exposure time, other factors can influence the cellular response to heat stress, including the rate of heating (24, 31, 41) , cellular growth phase and the proportion of the population that is in stationary phase (6, 15, 16, 35, 47, 49) , and prior exposure to other sublethal stressors, including starvation, acid, alkaline, desiccation, oxidative, osmotic, and antimicrobial stressors (2, 4, 11, 16, 18, 22, 38, 39, 48) .
To combat heat and other stressors, a cell can rapidly and transiently induce or suppress the transcription of certain genes that will aid in its survival. Often, the translated products of these genes are stress response proteins, which are involved in the repair and degradation of misfolded or denatured proteins. It is the accumulation of stress response proteins that occurs in tandem with a period of heat shock that can equip cells with the ability to resist and adapt to subsequent stressors (1, 8, 17, 22, 39, 48) . Genes that have been shown to play a role in the bacterial heat stress response include those coding for sigma factors rpoH and rpoE (1, 8, 37) , protease degP (htrA) (27, 37) , molecular chaperones dnaK, dnaJ, and clpB (8, 10, 17, 28) , HSP90 homologue htpG (8, 25, 43, 44) , and small heat shock proteins (HSPs) ibpA and ibpB (8, 9, 20, 43) . The transcription of a number of these heat stress genes can also depend on cellular growth phase and growth conditions (6, 25, 47) .
Although several recent studies have reported improved thermal inactivation models that include the effect of prior sublethal history on subsequent thermal resistance, none of these models were based on cellular-level responses to the sublethal conditions, including the synthesis of stress response proteins in the presence of heat shock (40, 42) . In addition, the incorporation of a quantitative relationship between stress protein transcript level, exposure time, and temperature has been largely absent from current characterizations of the bacterial heat shock response (12) . In their study of HSP expression levels in prostate cells, Rylander et al. propose the following as a way to model HSP expression, H, as a function of temperature, T, and thermal stress duration, t:
Hðt; TÞ ¼ Ae
where a(T), b(T), and c(T) are temperature-dependent HSP expression kinetics parameters (36) . This model takes into account the transient nature of HSP upregulation during stress because it satisfies the condition that lim t' H(t, T) ¼ 0.
Accounting for the physiological response of bacterial populations through quantitative means should improve inactivation model accuracy and robustness. The goals of this study were to quantify the physiological response of stationary-phase Salmonella to heat stress induced by prolonged exposure to sublethal temperatures and to determine which models-nonlinear or linearcould more accurately describe the cellular stress response.
MATERIALS AND METHODS
Inoculum. Salmonella enterica subsp. enterica serovar Montevideo str. S5-403, obtained from the Food Safety Laboratory at Cornell University (Ithaca, NY), was streaked onto brain heart infusion (BHI) agar (Bacto, BD, Sparks, MD) and transferred to 5 ml of Trypticase soy broth (TSB; BBL, BD, Sparks, MD). After incubation for 23 h at 378C, 25 ll of culture was transferred to 5 ml of TSB and was incubated at 378C for 18 h. The resulting stationary-phase culture was then centrifuged at 10,000 rpm and 48C for 4 min, and the resulting pellet was suspended in 500 ll of 0.1% buffered peptone water (Difco, BD, Sparks, MD) and kept on ice.
Sample preparation and heat treatments. Samples were created by adding 100 ll of inoculum to 100 ll of TSB that had been preallocated into 0.2-ml PCR tubes. Using a PCR thermal cycler (MJ Research, St. Bruno, QC, Canada), samples were held at 258C for 5 min before being either removed (corresponding to a time of 0 min) or brought up to either 40 or 458C and held for 5, 10, 15, 30, 60, 90, 180, or 240 min. Upon removal from the thermal cycler, each 200-ll sample underwent either differential plating or RNA extraction (see ''Differential plating'' and ''Sample collection for RNA extraction,'' respectively). For each time and temperature profile, at least three biological replicates were used for differential plating, and at least three biological replicates were used for RNA extraction.
Differential plating. Trypticase soy agar (TSA; BBL, BD) and xylose lysine deoxycholate agar (XLD; DOT Scientific, Burton, MI) were used as nonselective and selective media, respectively. Following thermal treatment, 200-ll samples were immediately pipetted into glass test tubes containing 9 ml of 0.1% buffered peptone water at room temperature and were vortexed briefly. Samples were serially diluted 1:10, spread plated in duplicate on both TSA and XLD, and incubated at 378C for 48 h. Plates with total colony numbers between 25 and 250 were counted and averaged for each duplicate. Colonies that had grown on XLD (the selective medium) were categorized as being ''uninjured'' because they did not exhibit outer membrane damage to the extent that XLD would be inhibitory. Total population numbers (in log CFU per milliliter) were obtained from colonies that had grown on TSA (the nonselective medium). Regression analysis and analysis of variance were used to determine that the population that had grown on TSA did not change over time (P . 0.05). As a result, XLD log CFU/ml values obtained at each time point could be compared with the TSA log CFU/ml values obtained from all time points at the same temperature to assess sublethal injury.
Probe and primer design. Six genes were selected to serve as candidates for modeling, based on the variety of functions that their translated products play in the bacterial heat stress response. Probes and primers (Table 1) for the six heat stressrelated genes (rpoH, dnaK, clpB, ibpA, htpG, and degP) were designed against the S5-403 genome (GenBank accession AFCS00000000.1) using Primer Express (Applied Biosystems, Life Technologies, Carlsbad, CA) and were obtained from Applied Biosystems.
Sample collection for RNA extraction. Upon their removal from the PCR thermal cycler, 200-ll samples were immediately pipetted into 7-ml polypropylene bead-beating tubes containing a 1-ml aliquot of 0.1-and 0.5-mm zirconium beads (BioSpec, Bartlesville, OK) and 2 ml of sample buffer consisting of filtersterilized 20 mM EDTA (Invitrogen, Life Technologies, Rockville, MD) and 200 mM NaCl (Avantor, Center Valley, PA). The beadbeating tubes were vortexed briefly and were flash-frozen in liquid nitrogen.
RNA extraction. RNA was extracted from each sample using a modified phenol-chloroform extraction outlined by Bergholz et al. (5), for which 3 ml of acid phenol at room temperature (Ambion, Life Technologies, Grand Island, NY) and 0.1 ml of 20% sodium dodecyl sulfate (Fisher Scientific, Pittsburgh, PA) were added to each bead-beating tube, all of which were kept on ice. Following their homogenization in a bead beater for two cycles lasting 3 min each, the tubes were centrifuged at 4,000 rpm and 48C for 20 min in an Eppendorf 5810 R swinging bucket centrifuge (Hamburg, Germany). The resulting supernatant was removed and added to 3 ml of acid phenol at 658C. The samples were incubated at 658C for 10 min and were vortexed every 2 min, after which they were centrifuged for 20 min at 4,000 rpm and 48C. The resulting supernatant was added to 1.2 ml of acid phenol, 0.8 ml of chloroform (Avantor), and 30 ll of isoamyl alcohol (Fisher Scientific) and vortexed. After centrifugation at 4,000 rpm and 48C for 10 min, the resulting supernatant was mixed with 5 ml of ice-cold 100% ethanol (Koptec, King of Prussia, PA) and was incubated overnight in a À808C freezer to precipitate RNA. Following precipitation, the samples were centrifuged at 12,000 rpm and 48C for 20 min to pellet the RNA. After discarding the supernatant, the pellet was washed with 6 ml of 70% ethanol that had been kept on ice, vortexed, and centrifuged for 20 min at 12,000 rpm and 48C. All residual ethanol was removed and, after air drying for 15 min, the pellet was hydrated in 200 ll of RNasefree water (Fisher Scientific).
DNase treatment. To each 200-ll sample, the following were added and mixed by pipetting: 20 ll of RNasin, 4 ll of 0.1M dithiothreitol, 40 ll of 103 RQ1 buffer, and 140 ll of RQ1 DNase (all from Promega, Madison, WI). The samples were then incubated in a water bath at 378C for 1 h and were purified according to the protocol listed in the RNeasy Mini Kit (Qiagen, Valencia, CA). After purification, RNA quality and concentration were measured using a NanoDrop spectrophotometer (Thermo Scientific, Waltham, MA), as well as the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). Only the RNA from those samples with an integrity number of 8.0 or greater was used in subsequent steps.
cDNA synthesis and qPCR. Reverse transcription PCR was carried out using 5 ll of 103 TaqMan buffer, 11 ll of 25 mM MgCl 2 , 2.5 ll of random hexamers, 1 ll of RNase inhibitors, 1.25 ll of Multiscribe, and 10 ll of the deoxynucleoside triphosphate mixture per reaction (all found in TaqMan reverse transcription reagents kit, Applied Biosystems). RNA template (19.25 ll) that had been diluted to 500 ng in RNase-free water was added to the aforementioned reaction mixture, and the following thermal cycler parameters were used to generate cDNA: one hold at 258C for 10 min, one hold at 488C for 30 min, one hold at 958C for 5 min, and an infinite hold at 48C. After diluting the resulting cDNA 1:10 in water, TaqMan quantitative PCR (qPCR) was then performed for each sample in duplicate, using TaqMan Universal PCR Master Mix and the ABI Prism 7900HT Sequence Detection System (all from Applied Biosystems) with the following thermal cycle parameters: hold at 958C for 10 min, followed by 40 cycles of denaturation at 958C for 15 s and annealing at 608C for 1 min, followed by an infinite hold at 48C. Standard curves that had been generated using known concentrations of genomic DNA were used to calculate log copy numbers from the average of two threshold cycle values per sample, and fold change values were calculated relative to the log copy numbers at 0 min. At least three replicates of each time-temperature profile were obtained.
Statistical analyses. Statistical analyses were performed using R version 3.1.1 (33) . Prior to statistical testing, equal variance assumptions were confirmed using Bartlett's test for both the reverse transcription qPCR and differential plating data sets (P . 0.05 in all cases). Two-way Dunnett's tests were performed using R's multcomp and lme4 packages to test for significant differences between the log copy number at each time point relative to the log copy number at 0 min for each gene at each temperature (3, 14) . For the differential plating data, log CFU/ml values for populations grown on XLD were compared with the TSA log CFU/ml values obtained across all time points at the respective temperature for each, using one-way Dunnett's tests. Percent injury values were obtained by dividing XLD CFU/ml value at each time point by the mean TSA CFU/ml value at the corresponding temperature, subtracting that value from 1, and multiplying by 100. Examples of the statistical analyses used in this study are publicly available (https://github.com/lmc297/jfp_ sublethal_heat_stress_modeling). showed a statistically significant transcriptional increase at any time after 0 min, followed by a decrease to basal levels within 240 min. Base-2 log copy numbers were converted to copy numbers and standardized by dividing the copy number at each time point by its respective copy number at 0 min, which allowed for the value of A to be set to 1. The nls2 package was used to perform a nonlinear fit using the package's brute-force algorithm to estimate values for a(T), b(T), and c(T) at 45 and 408C (13). The nonlinear transcript level models were statistically compared with linear and intercept-only models of transcript levels over time using Bayesian information criteria (BIC) and corrected Akaike information criteria (AICc) obtained from R and the AICcmodavg package, respectively (26 (46) . Methods for constructing and testing the mathematical models used in this study are publicly available (https://github.com/lmc297/jfp_sublethal_ heat_stress_modeling).
RESULTS
The extent of injury changes over time during sublethal heat exposure. Significant levels of injury were observed in heat-treated stationary-phase cultures via differential plating. In samples held at 458C, significant injury was observed after 30, 60, and 90 min of exposure (P , 0.05), with the greatest degree of injury (70.81% of the total population) occurring at 90 min (Fig. 1) . For samples held at 408C, significant differences were observed between healthy and total population numbers at 0, 5, and 90 min (P , 0.05).
Transcript levels of stress response genes change over time. qPCR results are reported in terms of average fold change for each time and temperature for all six genes (Tables 2 and 3 ). In stationary-phase populations held at 458C, the initial transcript levels of rpoH were significantly elevated because they were greater than transcript levels at 10, 15, 30, 60, 90, 180, and 240 min (P , 0.05). At 408C, initial rpoH transcript levels were significantly greater than transcript levels at 90, 180, and 240 min (P , 0.05). Initial htpG transcript levels were also significantly elevated relative to levels at 90 and 240 min at both temperatures (P , 0.05). At 458C, initial degP transcript levels were greater than those at 30 and 240 min, as well as at 240 min at 408C (P , 0.05).
ibpA showed the largest increase in transcript levels. At 458C, transcript levels were significantly elevated at 5, 10, 15, 30, 60, 90, and 180 min relative to their initial levels (P , 0.05). Maximum transcript levels occurred at 15 min, which corresponded to a maximum fold change of 3.22. At 408C, ibpA transcript levels were elevated at 5, 10, 15, 30, 60, and 90 min relative to their initial levels (P , 0.05). Maximum transcript levels occurred at 30 min, which corresponded to a 2.87-fold increase. A graph of the average log copy number obtained at each time and temperature point for ibpA, along with the standard error for each, can be seen in Figure 2 . b Time at which transcript levels (in log copy number) were significantly elevated relative to those at 0 min (P , 0.05). c Time at which transcript levels (in log copy number) were significantly lower relative to those at 0 min (P , 0.05).
The transcript level of ibpA can be modeled over time using nonlinear methods. Of the six genes observed, only ibpA transcript levels at both 45 and 408C were determined to have met the assumptions of the nonlinear model described by Rylander et al. (36) (equation 3), because they showed a significant increase at a time beyond 0 min, followed by a decrease to initial levels of the stationary-phase culture.
The temperature-dependent parameters a(T), b(T), and c(T) obtained from the nls2 nonlinear fit can be found in Table 4 . A summary in R listed all three parameters as being statistically significant for the model of ibpA transcript levels at 408C (P , 0.05), and the residual sum of squares (RSS) was 13.25. A summary of the model fitted to ibpA transcript levels at 458C listed b(T) as being the only statistically significant parameter (P , 0.05). A reduced model with the following form was then fitted to the ibpA transcript levels at 458C:
Hðt; TÞ ¼ Ae

ÀbðTÞt ð5Þ
The best fit for this reduced model was obtained when b ¼ 0, yielding a RSS of 74.27. The reduced model was compared with the full model (which included all three parameters) using their respective BIC and AICc values. BIC scores of 99.61 and 132.77 and AICc scores of 94.27 and 130.03 were obtained for the full and reduced models, respectively. Due to the fact that both the BIC and AICc values were much lower for the full model, the full model was utilized in subsequent model comparisons.
Linear and intercept-only models fit to ibpA transcript levels were compared with the full nonlinear model for each temperature (Table 5 and Figs. 3 and 4) . Total sum of squares values and RSS i values, as well as AICc i , BIC i , and their respective D i and w i values, can be found for each model i in Table 6 . For both 45 and 408C, the full nonlinear models with all three parameters included had the lowest AICc and BIC values, making them the preferred models.
DISCUSSION
Stationary-phase Salmonella responds to thermal stress within minutes of exposure to 45 and 408C conditions. ibpA is an ATP-independent small HSP that cooperates with DnaK and ATPase ClpB in reversing protein aggregation by binding to denatured proteins to prevent further aggregation, after which the stabilized proteins can be brought to the DnaK-DnaJ-GrpE complex (21, 28, 45) . At both 45 and 408C, ibpA transcript levels were significantly elevated when thermal injury was observable via differential plating (P , 0.05). However, at 458C, the transcript level of ibpA was significantly elevated at shorter exposure times and remained elevated after injury was no longer observable (P , 0.05). At 408C, ibpA transcript levels were elevated even when no significant injury could be observed. This increase in ibpA transcript levels is indicative of the rapid response of stationary-phase Salmonella to heat stress, which occurs before sublethal injury manifests itself on differential b Time at which transcript levels (in log copy number) were significantly elevated relative to those at 0 min (P , 0.05). c Time at which transcript levels (in log copy number) were significantly lower relative to those at 0 min (P , 0.05).
FIGURE 2. Average log copy number for ibpA at 45 and 408 C. Points represent the means of at least three biological replicates, and error bars denote standard error. media. Other studies have shown large increases in ibpA transcript levels upon exposure to elevated temperatures (8, 20, 34, 43) .
Stationary-phase Salmonella recovers from injury accrued from 45 and 408C heat stress within 240 min. Significant injury due to thermal stress was no longer observable in Salmonella via differential plating at 240 min (P , 0.05). In addition, none of the genes studied showed significantly higher transcript levels at 240 min relative to 0 min, including ibpA (P . 0.05). Other studies have shown that bacteria exposed to sublethal stressors can be fully repaired within 4 to 5 h, although recovery time depends on bacterial species and strain, the degree and type of injury, and the selective medium used (48).
Compared with linear models, a nonlinear model provides a better representation of ibpA transcript levels over time in populations of heat-stressed stationaryphase Salmonella. As demonstrated in this study, transcript level induction and decay rates over time are temperature dependent and vary greatly from gene to gene. ibpA transcript levels were chosen to serve as a model for the adaptation of stationary-phase Salmonella to sublethal stress, because ibpA demonstrated the highest transcript levels of the six genes examined at all times after 0 min for both temperatures. These results are similar to those reported by Richmond et al. (34) , in which the ibpAB genes were reported to undergo larger transcriptional increases in response to a temperature upshift than other members of the rpoH regulon in Escherichia coli K-12 in the mid-log phase. As a result of its rapid and substantial increase in transcript levels at the onset of sublethal heat stress, ibpA transcript levels can serve as a conservative model to describe the transient increase in heat stress gene transcript levels that occur in stationary-phase Salmonella at 45 and 408C.
The nonlinear model described here has been shown to be useful for modeling ibpA transcription levels due to sublethal heat stress in Salmonella, even when transcriptional increases are minor and occur within a highly concentrated, stationary-phase population. This model might prove to be particularly useful for modeling stress response gene transcript levels in log-phase bacterial populations that experience large transcriptional upshifts upon exposure to heat (19, 48) . Nonlinear modeling might also be useful in assessing the heterogeneity of stress responses in stationaryphase populations at the single-cell level, because the model could be parameterized and compared with linear models on a cell-by-cell basis (6) .
Current lethality models accounting for the effect of sublethal injury on thermal resistance are empirical and do not reflect biological observations. Although future model validation studies are needed, the results of this study contradict the concept of boundless, linear sublethal injury that is present in current thermal inactivation models, suggesting that the true sublethal response of Salmonella is nonlinear and finite. Future inactivation models will benefit from the inclusion of the nonlinear nature of bacterial resistance, which can be better understood as future studies improve our understanding of how Salmonella adapts to sublethal injury at the transcriptional level. a Parameters calculated by fitting (i) a linear model using R's lm function and (ii) an intercept-only model using R's lm function to ibpA copy ratio. b * P , 0.05. FIGURE 3. Best-fit nonlinear, linear, and intercept-only models for ibpA copy ratio at 458 C. Copy ratio was obtained by dividing ibpA transcript copy numbers at each time point by its respective copy number at 0 min. Points represent the average copy ratio at each time point for at least three biological replicates. FIGURE 4. Best-fit nonlinear, linear, and intercept-only models for ibpA copy ratio at 408C. Copy ratio was obtained by dividing ibpA transcript copy numbers at each time point by its respective copy number at 0 min. Points represent the average copy ratio at each time point for at least three biological replicates. a Values were obtained from fitting model i to ibpA copy ratio for the following models: (i) the best-fit full nonlinear model in the form of H(t, T) ¼Ae ðaðTÞtÀbðTÞt cðTÞ Þ , (ii) the best-fit linear model using R's lm function, and (iii) the best-fit intercept-only model using R's lm function. TSS, total sum of squares.
